The beam-helicity asymmetry in associated electroproduction of real photons, ep → eγπN, in the ∆(1232)-resonance region is measured using the longitudinally polarized Hera positron beam and an unpolarized hydrogen target. Azimuthal Fourier amplitudes of this asymmetry are extracted separately for two channels, ep → eγπ 0 p and ep → eγπ + n, from a data set collected with a recoil detector. All asymmetry amplitudes are found to be consistent with zero.
Introduction
There continues to be intense interest in Generalized Parton Distributions (GPDs) [1] [2] [3] , both theoretical and experimental. These distributions relate to the total angular momentum of partons in the nucleon [4] and information on the parton's transverse location in the nucleon correlated with the fraction of the nucleon's longitudinal momentum carried by that parton [5] . The GPDs that have thus far attracted the most interest parametrize the nonperturbative part of hard exclusive reactions where the target system stays intact such as ep → eγp. They depend on four kinematic variables: t, x, ξ, and Q 2 . The Mandelstam variable t = (p − p ′ ) 2 is the square of the difference between the initial (p) and final (p ′ ) four-momenta of the target nucleon. The variable x is the average of the initial and final fractions of the (large) target longitudinal momentum that is carried by the struck parton, and the variable ξ, known as the skewness, is half of the difference between these fractions. The evolution of GPDs with the photon virtuality Q 2 ≡ −q 2 is analogous to that of parton distribution functions, with q = k − k ′ being the difference between the fourmomenta of the incident and the scattered leptons. Currently, no hard exclusive measurements exist that provide access to x. Because of the lack of consensus about the definition of ξ in terms of experimental observables, the results are typically reported by Hermes as projections in x B ≡ Q 2 /(2pq), to which ξ can be related through ξ ≃ x B /(2 − x B ) in the generalized Bjorken limit of large Q 2 and fixed x B and t. Several GPDs describe various possible helicity transitions of the struck quark and/or the nucleon. At leading twist (i.e., twist-2) and for a spin-1/2 target such as the proton, four chiral-even GPDs (H q , H q , E q , E q ) are required to describe processes that conserve the helicity of the struck quark with flavor q.
The GPD formalism can be extended to more general baryonic final states, in particular here to the ∆ resonance. Similar to N → ∆ "transition" form factors, one can introduce N → ∆ transition GPDs. At leading twist, the γ * N → γ∆ process can be parametrized in terms of three vector and four axial-vector N → ∆ GPDs [6] . Among them, one expects three such GPDs to dominate at small |t|: the magnetic vector GPD H M , of which the first moment corresponds to the N → ∆ magnetic dipole transition form factor G * M (t), and the axial-vector GPDs C 1 and C 2 , of which the first moments correspond to the axial-vector and pseudoscalar N → ∆ form factors, respectively.
In ref. [7] , a model is proposed to describe the "associated" reaction ep → eγπN. In this model, the so-called soft-pion technique that is based on current algebra and chiral symmetry allows for S-wave pions the use of the same GPDs as in ep → eγp. In order to extend the model estimations to pions of higher energy, the P-wave production is assumed to be dominated by the ∆(1232) isobar production and is added following the large N c limit approach for N → ∆ GPDs developed in refs. [6, 8] . In this model, the N → ∆ GPDs H M , C 1 , and C 2 are connected to the N → N isovector GPDs as:
This estimate is expected to have an accuracy of about 30%. Thus, these large N c relations allow the interpretation of the associated reaction in terms of nucleon GPDs and therefore open (model-dependent) access to different flavor combinations of the nucleon GPDs. For example, ep → eγp is sensitive to the combination
H d , whereas in ep → eγ∆ the isovector part H u − H d appears. As for the ep → eγp reaction, for the associated reaction the amplitudes of the Deeply Virtual Compton Scattering (DVCS) process and of the Bethe-Heitler (BH) process, in which a bremsstrahlung photon is radiated from the incident or scattered lepton, combine coherently. In the absence of available data for the associated reaction, the pion photoproduction cross section calculated using an approach similar to that applied to the associated BH process is compared in ref. [7] with experimental data from refs. [9] [10] [11] . Around the ∆-resonance mass, the model overestimates the experimental cross sections by about 10%.
In this paper, the first measurement of the single-charge beam-helicity asymmetry in the reaction ep → eγπN is presented and compared with model predictions. The asymmetry is defined as in ref. [12] to be
Here, σ LU denotes the differential cross section for longitudinally polarized beam and unpolarized target, λ = ±1 and e ℓ (= +1) are respectively the helicity and unit charge of the beam lepton, and the angle φ is the azimuthal orientation of the photon production plane with respect to the lepton scattering plane. The definition of the angle φ follows the Trento conventions [13] . The asymmetries are extracted in the kinematic range of −t < 1.2 GeV 2 , 0.03 < x B < 0.35, and 1 GeV 2 < Q 2 < 10 GeV 2 .
The Hermes experiment in 2006-2007
The data presented here were collected in 2006 and 2007 at Hermes (Desy) using the 27.6 GeV Hera positron beam and an unpolarized hydrogen gas target internal to the beam line. For this measurement, the recoil detector [14] was used in conjunction with the forward spectrometer [15] . The Hera lepton beam was transversely self-polarized by the emission of synchrotron radiation [16] . Longitudinal polarization of the beam in the target region was achieved by a pair of spin rotators located upstream and downstream of the experiment [17] . The sign of the beam polarization was reversed three times over the running period. Two Compton backscattering polarimeters [18, 19] independently measured the longitudinal and transverse beam polarizations.
For the analysis of the beam-helicity asymmetry considered here, data collected with only one lepton beam charge (e ℓ = +1) and both beam-helicity states are available. For this data set, the average beam polarization was P ℓ = 0.402 (−0.394) for positive (negative) beam helicity, with a total relative uncertainty of 1.96% [20] .
The scattered lepton and particles produced in the polar-angle range 0.04 rad < θ < 0.22 rad were detected by the forward spectrometer, for which the average leptonidentification efficiency was at least 98% with hadron contamination of less than 1%. The produced particles emerging at large polar angles and with small momenta were detected by the recoil detector in the polar-angle range 0.25 rad < θ < 1.45 rad, with an azimuthal coverage of about 75%. The lower-momentum detection threshold for protons (pions) was 125 (60) MeV for this analysis.
The recoil detector surrounded the target cell and consisted of a Silicon Strip Detector (SSD), a Scintillating Fiber Tracker (SFT), and a photon detector, all embedded in a solenoidal magnetic field with field strength of 1 T. A detailed description of the recoil-detector components is given in ref. [14] .
Track search and momentum reconstruction in the recoil detector are performed by combining coordinate information from the SSD and SFT layers. For protons, energy deposition in the SSD is additionally taken into account. This improves the momentum resolution for momenta below 0.5 GeV, leading to a resolution of 2-10% from 0.15 GeV to 0.5 GeV [14] . For pions, the momentum resolution is about 12% and almost independent of momentum. The azimuthal-and polar-angle resolution is about 4 mrad and 10 mrad respectively for pions and for protons with momenta larger than 0.5 GeV, deteriorating for lower proton momenta because of multiple scattering.
For each reconstructed track, the energy deposited along the particles' trajectory through the active detector components is used to determine the particle type. As protons and pions dominate the event sample, only the separation of these two particle types is considered. For each detection layer i, a particle-identification discriminator rdPID i , which depends on the reconstructed three-momentum | p| and on the energy deposition dE normalized to pathlength, is calculated according to
where the "parent distributions" D i are energy-deposition distributions normalized to unity, β is the ratio of the particle velocity to the speed of light, γ is the Lorentz factor, and M p (M π ) is the proton (pion) mass. The combined particle-identification discriminator rdPID is the sum of the discriminators rdPID i from the individual layers. A constraint on rdPID is chosen to distinguish between charged pions and protons, while providing an appropriate compromise between efficiency and contamination [21] . Details of the tracking, momentum reconstruction, and particle-identification procedures as well as detector performance studies are presented in ref. [14] .
Event selection
A positron trigger is formed from a coincidence between three scintillator hodoscope planes and a lead-glass calorimeter. Following the approach of ref. [22] , inclusive ep → eX events in the Deep-Inelastic Scattering (DIS) regime are selected by imposing the following kinematic requirements on the identified positron with the largest momentum in the event:
GeV 2 , and ν < 22 GeV, where W is the invariant mass of the γ * p system and ν ≡ (pq)/M p the energy of the virtual photon in the target-rest frame. This sample of inclusive DIS events is employed for the determination of relative luminosities of the two beam-helicity states as inclusive DIS with virtual-photon exchange from unpolarized targets is invariant under reversal of the beam helicity.
Exclusive ep → eγπN event candidates are selected from the DIS sample by requiring in the forward spectrometer the detection of exactly one identified positron in the absence of other charged particles and of exactly one signal cluster in the calorimeter not associated with the positron and hence signifying a real photon. The kinematic requirements on the identified positron and the photon cluster applied in ref. [12] are adjusted for this analysis as follows in order to optimize the selection of ep → eγπN events. The cluster is required to represent an energy deposition above 8 GeV in the calorimeter and above 1 MeV in the preshower detector. Two kinematic constraints are applied: the polar angle θ γ * γ between the laboratory three-momenta of the virtual and real photons is limited to be less than 70 mrad, and the value of −t is limited to be less than 1.2 GeV 2 . Here, −t is calculated without the use of either the photon-energy measurement or recoil-detector information, under the hypothesis of an exclusive ep → eγ∆ + event. (The width of the ∆ + is small compared to the experimental resolution.)
All recoil tracks identified as protons and positively charged pions are considered in order to select the associated reactions ep → eγπ 0 p and ep → eγπ + n in the ∆-resonance region. Kinematic event fitting is performed under the corresponding hypotheses using the three-momenta of the positron and photon measured in the forward spectrometer and the proton (pion) track in the recoil detector. The neutral pion (neutron) is not identified, therefore the fit enforces two four-momentum conservation equations based on the assumption of the ep → eγ∆ + reaction with ∆ + decay to pπ 0 (nπ + ) assuming the PDG value of the ∆ + (1232) mass. In addition, adopting π + as proton candidates, the kinematic fit described in ref. [12] is performed in order to suppress ep → eγp background events. The following constraints on the χ 2 of kinematic event fitting and on the rdPID values are optimized and applied for the selection of events from the associated channels:
ep→eγp > 50, and rdPID > 0 (to select protons),
ep→eγp > 50, and rdPID < 0 (to select pions).
Kinematic distributions obtained from experimental data are compared with a mixture of simulated data samples. Following the approach of refs. [12, 23, 24] , BH events are simulated using the Mo-Tsai formalism [25] , by an event generator based on ref. [26] and described in detail in ref. [27] . This sample of BH events includes events from associated production generated using the parametrization of the form factor for the resonance region from ref. [28] . The individual cross sections for singlemeson decay channels of ∆ + are treated according to the MAID2000 model [29] . (Neither the DVCS process nor the associated DVCS process are included in the simulation since for the latter an event generator is unavailable.) Semi-Inclusive DIS (SIDIS) events are simulated using an event generator based on LEPTO [30] with a set of JETSET [31] fragmentation parameters tuned for HERMES kinematic conditions [32] , including the RADGEN [33] package for radiative effects.
The χ 2 distributions from kinematic fitting under the hypothesis of the associated reaction obtained for experimental and simulated data are compared in figure 1 for the channels ep → eγπ 0 p (left panel) and ep → eγπ + n (right panel). For both channels, acceptable agreement in the shape of the distributions is observed, given that the Monte Carlo event generator does not include the DVCS processes. In figure 2 comparisons of distributions over the kinematic variables −t, x B , and Q 2 are shown for the associated channels ep → eγπ 0 p (left panel) and ep → eγπ + n (right panel). This comparison provides evidence that the Monte Carlo description of the associated BH reaction used in previous analyses [12, [22] [23] [24] 34] accounts for most of the observed yields.
The fractional contributions from the associated reaction, ep → eγp, and SIDIS processes, obtained by analyzing Monte Carlo data in the same way as described above, are listed with their statistical uncertainties in table 1 for the channel ep → eγπ 0 p and in table 2 for the channel ep → eγπ + n in one kinematic bin covering the entire kinematic region considered here ("overall") and in kinematic bins of −t, x B , and Q 2 .
Extraction of asymmetry amplitudes
Fourier amplitudes of the single-charge beam-helicity asymmetry A LU (φ; e ℓ ) are extracted in a manner similar to that applied in ref. [34] . The extraction is based on an extended maximum-likelihood fit [35] , unbinned in the azimuthal angle φ. The distribution of the expectation value of the yield for scattering of a longitudinally polarized positron beam with polarization P ℓ from an unpolarized hydrogen target is given by
where L denotes the integrated luminosity determined by counting inclusive DIS events and η the detection efficiency. The asymmetry A LU (φ; e ℓ ) is expanded in terms of harmonics in φ in order to extract azimuthal asymmetry amplitudes: Table 2 .
Monte-Carlo-estimated fractional contributions to the measured yields by ep → eγπ + n, ep → eγp, and SIDIS reactions in the selected sample of ep → eγπ + n events.
where the approximation is due to the truncation of the infinite Fourier series. As a test of the normalization of the fit, the maximum-likelihood fit is repeated including the term A
cos(0φ) LU
. This term is found to be compatible with zero within statistical uncertainties and to have negligible impact on the resulting asymmetry amplitudes.
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Background corrections and systematic uncertainties
The Monte Carlo simulation shows that the selected samples of associated events contain contributions from two different sources of background. The most significant contribution originates from SIDIS production of neutral pions from the fragmenting struck quark, ep → eπ 0 X, with the hadronic system X containing a pion or proton in the recoil detector. According to the Monte Carlo simulation, its contribution varies from 8% to 18% in the case of the channel ep → eγπ 0 p and from 10% to 36% in the case of the channel ep → eγπ + n, depending on the kinematic bin (see tables 1 and 2). The second source of background is the ep → eγp reaction, contributing from 1% to 14% for the channel ep → eγπ 0 p and negligibly for the channel ep → eγπ + n. The asymmetry amplitudes A SIDIS are extracted from experimental data using information from only the forward spectrometer. This approach is based on the assumption that the asymmetry for SIDIS π 0 production is little affected by the requirement of the detection in the recoil detector of either a proton or a π + satisfying the kinematic fit for the associated reaction. Monte Carlo studies showed [36] that the asymmetry extracted for SIDIS π 0 production is insensitive to event selection using one or two photons. Thus, in order to estimate the asymmetry of semi-inclusive π 0 background from data, a "two-photon analysis" is performed. Instead of requiring one trackless cluster in the calorimeter, two trackless clusters are selected with the energy deposition in the preshower detector larger than 1 MeV. In addition, the energy of the leading photon is required to be larger than 8 GeV and the energy of the non-leading one to be above 1 GeV. The beam-helicity asymmetry amplitudes are extracted with the same maximum-likelihood fit method as for the associated sample and are found to be consistent with zero. These asymmetry amplitudes are used to correct for the contribution from the SIDIS reaction in both the ep → eγπ 0 p and ep → eγπ + n channels. In order to correct for the small contribution from ep → eγp, its beam-helicity asymmetry amplitude A eγp measured with kinematically complete event reconstruction [12] is used. The slightly different kinematic constraints applied there are not expected to significantly affect this small correction.
The measured asymmetry amplitudes A meas. are corrected for the above mentioned sources of background according to:
where f eγp and f SIDIS are the simulated fractional contributions to the yield from the ep → eγp and SIDIS reactions and A eγp and A SIDIS the corresponding measured asymmetry amplitudes. The magnitude of the difference between corrected and measured amplitudes is assigned as systematic uncertainty (see tables 3 and 4). This approach takes into account the observed differences between data and Monte Carlo simulations presented in figures 1 and 2.
In addition to systematic uncertainties due to the background correction described above, the remaining sources of systematic uncertainties on the extracted asymmetry amplitudes arise from the spectrometer and recoil-detector acceptance, smearing, and finite bin width. In order to estimate the combined contribution to the systematic uncertainty from these three sources, the so-called "all-in-one" method is used, which was first employed in the analysis described in ref. [34] and was also used by the latest DVCS analyses [12, 23, 24] . Due to the lack of knowledge about the associated DVCS process, there is no applicable (GPD) model for use in the Monte Carlo generator, leaving only the BH process with no interference to produce a beam-helicity asymmetry. For an estimate of the above mentioned systematic effects, an artificial t-dependent asymmetry of the expected asymptotic form A(−t) = C √ −t sin(φ) + 0 sin (2φ) . The Monte Carlo samples are generated for each beampolarization state separately, passed through a detailed GEANT [37] simulation of the Hermes forward spectrometer and recoil detector, and reconstructed with the same reconstruction and analysis algorithms as for real data. After selection of the associated Monte Carlo sample, the maximum-likelihood fit is performed to extract asymmetry amplitudes in each kinematic bin, referred to as reconstructed asymmetry amplitudes. The estimate of the systematic uncertainty due to acceptance, smearing, and finite bin width is obtained as the difference between the reconstructed Monte Carlo asymmetry amplitudes and those calculated at the reconstructed mean values of −t, x B , and Q 2 in each kinematic bin. The procedure is repeated for each implemented asymmetry separately for both associated channels. The all-in-one systematic uncertainties are taken as the root mean square of the differences between reconstructed and calculated asymmetry amplitudes for all parameter values of the implemented asymmetry, and are presented in tables 3 and 4.
The impact of trigger inefficiency is studied and found to be negligible. The resulting systematic uncertainties are calculated as the quadratic sum of systematic uncertainties from background correction and all-in-one estimates of acceptance, smearing, and finite bin width effects. They are summarized in tables 3 and 4 for each kinematic bin for the channels ep → eγπ 0 p and ep → eγπ + n, respectively.
Results and discussion
Results on asymmetry amplitudes corrected for background contributions are presented in figures 3 and 4, and in tables 5 and 6. Each of the asymmetry amplitudes is shown extracted in one bin covering the entire kinematic region ("overall") and also projected against −t, x B , and Q 2 . The beam-helicity asymmetry amplitudes are Table 3 . Individual contributions to the total systematic uncertainties from background correction and all-in-one estimates of acceptance, smearing, and finite bin width effects for the channel ep → eγπ 0 p. The sign of the background corrections is shown in parentheses.
Kinematic bin Bg. corr. All-in-one Total Bg. corr. All-in-one Total Table 4 . Individual contributions to the total systematic uncertainties from background correction and all-in-one estimates of acceptance, smearing, and finite bin width effects for the channel ep → eγπ + n. The sign of the background corrections is shown in parentheses.
subject to an additional scale uncertainty of 1.96% due to the measurement of the beam polarization. All asymmetry amplitudes are found to be consistent with zero within large experimental uncertainties. The model of ref. [7] described in section 1, employing the VGG model [8, 38] for the nucleon GPDs, predicts the sin φ asymmetry amplitudes to be about −0. Table 5 . Results on amplitudes extracted in the associated channel ep → eγπ 0 p. Table 6 . Results on amplitudes extracted in the associated channel ep → eγπ + n.
channel. a The presented experimental results do not exclude this model. Recently, Hermes published results on the single-charge beam-helicity asymmetry arising from DVCS with kinematically complete event reconstruction [12] . The main result of this publication was that after removal of associated background from the data sample the magnitude of the leading asymmetry amplitude increased. This increase is consistent with the small magnitude of the asymmetries in the two asa In ref. [7] , a different convention for the φ angle definition was used leading to the opposite sign of asymmetry amplitudes. sociated channels obtained in this analysis. Effectively, the background from the associated reaction acts as a dilution in the beam-helicity asymmetries measured previously by Hermes using the missing-mass technique [23, 24] .
Summary
Amplitudes of the beam-helicity asymmetry are measured at Hermes in exclusive associated production of real photons, ep → eγπN, by longitudinally polarized positrons incident on an unpolarized hydrogen target. The selected ep → eγπ 0 p (ep → eγπ + n) event sample is estimated to contain on average 11% (23%) contribution from SIDIS production, which is corrected for in the analysis. Corrections for the small contributions from ep → eγp are applied using asymmetry amplitudes obtained previously by Hermes. All asymmetry amplitudes are found to be consistent with zero within experimental uncertainties that are at best ±0.12 in the full acceptance. The only available theoretical estimates [7] for the asymmetry amplitudes are consistent with the measurements. This finding may offer support for the model of transition GPDs in terms of nucleon GPDs, based on the soft-pion technique and the large N c limit.
